Abstract In some Australian and South American cities, nectarivorous birds have become a conspicuous component of the avifaunal community. One mechanism that has been proposed to explain their success is an increased availability of nectar that is provided by suburban gardens and other ornamental plantings. To determine whether the amount of nectar within the suburban landscape is comparable to that of the natural environment, we measured floral density and nectar concentrations in 24 sites in Sydney, Australia. We also measured the density of four species of nectarivores and available nectar energy over a period of 18 months within the suburban landscape (streetscapes and remnant vegetation) and the natural environment (forest and heathland) to determine whether nectar availability explains nectarivore density. Two species of nectarivorous parrot, the rainbow lorikeet and musk lorikeet were present in higher densities within the suburban landscapes compared to the natural environment, and the suburban landscapes provided significantly more nectar than the natural environment during spring and winter. Both the rainbow lorikeet and musk lorikeet were associated with flowering of Eucalyptus spp. and red wattlebirds with the flowering of Grevillea and Callistemon spp. within streetscapes. Suburban landscapes appear to provide a constant supply of nectar for large-bodied nectarivores and provide for more efficient foraging, explaining the success of these species in urban environments.
Introduction
Avifaunal assemblages within cities of the northern hemisphere are typically comprised of generalist omnivorous and granivorous species, often termed 'urban adaptors' or 'urban exploiters' (Carbo-Ramirez and Zuria 2011; Evans et al. 2009; Khera et al. 2009; OrtegaAlvarez and MacGregor-Fors 2009) . Such species are capable of subsistence entirely within the urban matrix and may be predisposed to capitalise upon a novel suite of resources within newly created habitat in the urban matrix (Conole and Kirkpatrick 2011) . These species are capable of reaching higher densities in urban habitats than within their traditional habitat, and thus cities are often typified by a high abundance of a few generalist species (Blair and Johnson 2008; Chace and Walsh 2006; Ortega-Alvarez and MacGregor-Fors 2009) .
The avifaunal community of cities in the southern hemisphere, however, often differs from cities in the northern hemisphere, due to the dominance of several species of nectarivores (Davis et al. 2012; Major and Parsons 2010; Parsons et al. 2006; Smith and Lill 2008; Young et al. 2007 ). In cities throughout South America, hummingbirds (Trochilidae) and some species of sunbird (Nectarinidae) are often a conspicuous component of the avifauna, and some species of nectarivores, particularly large-bodied honeyeaters of the family Meliphagidae and Psittacidae, are abundant throughout many Australian cities (Arizmendi et al. 2007; Catterall 2004; Catterall et al. 2010; Davis et al. 2012; Major and Parsons 2010; Toledo and Moreira 2008; Young et al. 2007) .
Nectarivore abundance has previously been found to be positively associated with the amount of nectar provided by nectar-bearing plants, within both forested areas and the urban landscape (Ashley et al. 2009; Collins and Newland 1986; Cotton 2007; Franklin and Noske 1999; French et al. 2005; Pauw and Louw 2012; Pyke et al. 1993; Ramsay 1989; Symes et al. 2008) . Within Australia, species of Eucalyptus and Grevillea, particularly large hybrid Grevillea spp. that are popular in garden plantings, are recognised as important nectarproviding resources within suburban regions of cities, particularly as they produce more nectar than some non-natives (Ashley et al. 2009; Catterall et al. 1998; French et al. 2005; Sewell and Catterall 1998) . The composition and diversity of flowering vegetation within the suburban landscape has the potential to result in either a prolonged period of nectar availability or a continuous supply of nectar when nectar within non-urban habitat is scarce (Ashley et al. 2009; Catterall et al. 1998; French et al. 2005; Sewell and Catterall 1998; Smith and Lill 2008) .
The composition and density of nectar-providing plants within suburban landscapes may thus be capable of influencing the density and composition of nectar-feeding birds within suburban landscape compared to the non-urban landscape. The aim of this study is to determine whether nectar availability can explain variations in nectarivore density between suburban and natural environments. Specifically, we aim to 1) determine if the amount of nectar energy available to four species of nectarivorous bird is higher within streetscapes than in surrounding natural habitats, 2) determine if the association between four species of nectarivorous birds is positively associated with the amount of available energy supplied by nectar within suburban and non-urban habitats, and 3) determine whether the density of the most common nectarivorous birds is higher within suburban habitats (streetscapes and patches of remnant vegetation) compared to non-urban habitats (forest and heathland).
Methods

Study sites
The study was undertaken in the Sydney region on the east coast of Australia (Fig. 1) , a temperate region with a warm summer (average temperature 24°C), mild winter (average July temperature 12 degrees C) and an average annual rainfall of 1200 mm (Commonwealth Bureau of Meteorology 2011a , 2011b .
Six 2-ha plots were established in each of four "habitats": streets, remnant vegetation (hereafter referred to as 'remnants'), continuous forest (hereafter referred to as 'forest') and heathland (hereafter referred to as 'heath') (Davis et al. 2012) . Plots measured 100 m by 200 m in remnants, forest and heath, but in streets they varied between 25 m and 50 m in width, and between 400 m and 800 m in length, depending on the width of the street (Davis et al. 2012; Lowe et al. 2011) . The width of street plots was measured (using Google Earth) from the residential boundaries on one side of the street to the residential boundaries on the opposite side, with the length adjusted to produce a plot with an area of 2 ha. Street plots thus included footpaths, nature strips and roads, but not residential gardens, although the portion of any tree or shrub that overhung the boundary was included in the assessment of flower density. Plots were at least 1 km away from each other to ensure independence of replicates (Davis et al. 2012; Lowe et al. 2011) .
Plots in remnants were all comprised of Sydney Coastal Forest or Sydney Hinterland Dry Sclerophyll Forest or Sydney Forest (Keith 2006 ) growing on soils derived from the Hawkesbury sandstone complex (Benson and Howell 1995; Threlfall et al. 2011) and were surrounded by suburban development. Plots in forests sites were comprised of the same vegetation class as that within remnants, but were situated within the Royal National Park to the south of Sydney, and Ku-ring-gai Chase National Park to the north. Heath plots were situated within the same national parks and were comprised of Sydney Coastal Heath (Keith 2006) .
Nectar extraction and calculation of energy content
To determine the available energy content of the standing crop of nectar contained within a flower or inflorescence (hereafter referred to as 'energy'), we extracted nectar from flowers of the genera Eucalyptus, Corymbia, Banksia, Melaleuca, Camellia, Callistemon and Grevillea (Table 1 ). These genera comprised the dominant flowering vegetation in the four habitats and were expected to provide the majority of available nectar for consumption by large nectarivorous birds. We did not sample smaller (shrubs less than 1 m in height) native vegetation (e.g. Philotheca buxifolia) as it was not recorded as part of the primary diet of the four large study species (Higgins 1999; Higgins et al. 2001) To sample flowers from Eucalyptus, Corymbia and Camellia, we selected three individuals of representative species from each genus ( Table 1) . A flowering branch (or branches) from each of the three individual plants was covered with a white nylon mesh bag that enclosed all flowers on the branch (French et al. 2005) . This ensured the exclusion of nectar-feeding birds, mammals and insects whilst still allowing airflow. Bags were removed before 9 am the following day and the branch or stems of the flowers/inflorescences were cut from the tree. Seven flowers from each of the three branches (N=21) were sampled within 30 min of being removed from the tree. Nectar was passively extracted by inserting a 45 μl capillary tube into the flower (Armstrong 1991) . If nectar filled the entire tube, a second capillary tube was used to extract the remaining nectar. The volume of nectar obtained from the flower was then determined. A refractometer was used to determine the amount of dissolved sucrose as a percentage by weight (measured in°Bx) of the nectar (Armstrong 1991; Law 1992 Law , 1994 . Once the sugar content and volume of the nectar from each flower was obtained, the number of kilojoules contained within the nectar from each flower was calculated (Armstrong 1991; Table 1 Species of plant from which nectar was extracted, the habitat in which the plants were sampled, and the average number of kilojoules that obtained nectar yielded and the number flowers/inflorescences that were sampled (n) Callistemon citrinus Street 0.47±0.14 11.33±1.94 9 Bolton et al. 1979; Law 1994) . We then calculated the average kilojoules per flower for each species sampled (Armstrong 1991) . To sample flowers from the larger inflorescences of Banksia, Callistemon, Grevillea and Melaleuca, we selected three individuals of each representative species (Table 1) and bagged three inflorescences from each of the three representative individuals (for total of nine bagged inflorescences per species). These were then bagged for a period of 24 h (Law 1994) . Inflorescences were centrifuged in a zip-lock bag for 40 s (Armstrong and Paton 1990; Law 1994) . Extracted nectar was then removed from the bag with a Pasteur pipette. Remaining drops of nectar inside the plastic bag were removed with a capillary tube. The number of kilojoules yielded by the nectar from each inflorescence was calculated (Bolton et al. 1979) , and a correction factor of 1.4 was applied to account for nectar that remained on the inflorescence due to drag whilst being centrifuged (Armstrong and Paton 1990; Law 1994) . The average kilojoules per inflorescence for each species was then calculated using the same method as that used for Eucalyptus, Corymbia and Camellia.
Flowering activity between habitats
To determine the level of flowering activity, and consequent energy available to the four target bird species in each habitat, we surveyed each plot monthly for 18 months from October 2010 to April 2012. During each survey, we searched the 2 ha plot and counted the number of flowers or inflorescences per shrub or tree on any individual of the genera Eucalyptus, Corymbia, Angophora, Callistemon, Melaleuca, Banksia, Camellia and Grevillea (excluding smaller flowering Grevillea spp. such as G. sericea and G. diffusa, as small-flowering species do not feature prominently in the diet of large-bodied nectar-feeding birds (Higgins 1999; Higgins et al. 2001) ). Plots were systematically searched, starting from one corner of the plot and walking the width of the plot. Once the width of the plot was walked, we moved 10 m down the length of the plot and walked the width of the plot in the opposite direction. This ensured that no obscured flowers were missed and allowed us to remain aware of shrubs we had passed to ensure that no flowers were double counted. Where it was not possible to count flowers or inflorescences from the ground (e.g. trees), we photographed the flowering canopy with an Olympus SP-565UZ camera capable of 20 × optical zoom and then counted the flowers visible from the magnified photo. The number of photos taken of the canopy depended on the size of the canopy and the amount of zoom required to provide definition for individual flowers. Multiple photos were taken from all 'accessible' sides of the tree to ensure all sections of the canopy were photographed. Multiple photographs were aligned to ensure the same section of tree was not included in multiple photographs. When access to all sides of the tree was not available, the number of flowers on the non-accessible side of the tree was estimated by extrapolating from the number of flowers on the accessible side of the tree relative to the proportion of the canopy that was not visible. The number of flowers was determined by increasing the magnification of each photo and manually counting the number of flowers present. Where individual flowers were not clearly visible (for example in a cluster of flowers), the number of open flowers present on a cluster was estimated from the anatomical morphology of each species' floral bud arrangement (Robinson 2003) . Once the total number of flowers within each site was determined, we then used the kilojoule values calculated from the nectar extracted from each species to determine the total number of kilojoules per site available on the day of each monthly count. As it was not logistically feasible to extract nectar from every plant species, some energy values were estimated from the means of closely related species. The average amount of energy from all Eucalyptus and Corymbia flowers that we sampled was used for any species of Eucalyptus, Corymbia and Angophora from which we had not extracted nectar from. The amount of energy obtained for Callistemon citrinus (Table 1) was used for both species of Callistemon that occurred within streets. Likewise, the amount of energy obtained from Grevillea whiteana "Moonlight" cultivar (Table 1) was used for all species of Grevillea hybrids. Plant species for which no feeding records had been recorded for any of the four birds species (e.g. Eucalyptus haemastoma) were not included in the study (Higgins 1999; Higgins et al. 2001 ).
Bird surveys
To determine the density of rainbow lorikeets (Trichoglossus haematodus), musk lorikeets (Glossopsitta concinna), red wattlebirds (Anthochaera carunculata) and little wattlebirds (Anthochaera chrysoptera) in each habitat, during each monthly survey, we searched each 2 ha plot within streets, remnants, forest and heath for 20 min (Barrett et al. 2003; Davis et al. 2012) . Birds were counted if they were seen or heard feeding or perching within the site (Davis et al. 2012; White et al. 2005) , but not if they were flying overhead. Groups, pairs or individual birds were not recorded again if they appeared in the same specific location. Surveys were carried out an hour after sunrise and before 10 am in fine weather with low winds. All count data were converted to densities (individuals per hectare) and, given that the four focal species are large and produce loud conspicuous calls during both flight and feeding that are audible from a distance (Higgins et al. 2001 ), we do not believe there to be any detection bias between habitats.
Analysis
To determine if there was a difference in 1) the amount of energy produced per standing crop in each habitat, 2) the density of the four bird species between habitats and seasons, and 3) the amount of nectar produced by different genera of plants, we used Linear Mixed Models in (SPSS v. 17.0). 'Month' was used as the random factor and 'habitat', 'genus' and 'season' as fixed factors. 'Season' was comprised of the austral calendar seasons and 'genus' was comprised of the genera Eucalyptus (which included species from the genera Eucalyptus, Corymbia and Angophora), Banksia, Callistemon (which included the genera Callistemon and Melaleuca), Grevillea and Camellia. Main effects and interactions were tested, and Bonferroni-adjusted multiple comparisons were used to compare individual means.
We used stepwise regression, using the contribution of nectar from each of Eucalyptus, Callistemon, Banksias, Grevillea and Camellia as predictor variables, to determine whether the density of birds in streetscapes, remnants, forest and heath was associated with the nectar energy (in kilojoules) provided by each genus. Separate models for the rainbow lorikeet, musk lorikeet, red wattlebird and little wattlebird in each habitat were also tested.
Results
Variation in nectar energy between habitats
Callistemon, Grevillea (hybrid) and Camellia were only present in streets, whereas Banksia and Eucalyptus were present in all habitats. The amount of available energy within each habitat varied (Fig. 2) , with a significant interaction between habitat and season (F 9, 396 =17.31, p<0.01). Streetscapes produced significantly more energy per unit area compared to remnants, forest and heath in spring (p<0.05), significantly more energy than remnants and forest in winter (p<0.05) and significantly more energy compared to remnants in summer and autumn (p<0.05) (Fig. 2) . Forest produced a significantly greater amount of energy than remnants in summer and autumn (p<0.05) (Fig. 2) . Heath produced more energy than all habitats in all seasons (p<0.05), except for forest and streets during spring (Fig. 2) .
Variation in nectar energy between genera
There was a significant interaction between the amount of energy provided by plant genera and habitat (F 12 100 =12.79, p<0.01). Within streets, Eucalyptus produced more energy than both Banksia and Camellia (p<0.01), with Callistemon producing more energy than Grevillea, Banksia and Camellia (p<0.01) and Grevillea produced more energy than both Banksia and Camellia (p<0.01) (Fig. 3) . Banksia produced more kilojoules than Eucalyptus in both forest and heath (p<0.01) (Fig. 3) . There was no significant difference in the amount of energy provided by plant genera within remnants (p>0.05), with no genus producing large amounts of nectar energy.
Nectarivore density
There was a significant interaction between season and habitat in the density of the rainbow lorikeet (F 9, 396 =2.44, p<0.05), musk lorikeet (F 9, 396 =3.80, p<0.05) and little wattlebird (F 9, 396 =11.11, p<0.01). Streets and remnants contained a significantly higher density of rainbow lorikeets than both forest and heath during all seasons (p<0.05), except during summer, when heath contained a higher density of rainbow lorikeets than forest (p<0.05) (Fig. 4) . Streets contained a significantly lower density of musk lorikeets compared to remnants during spring. Remnants contained a higher density of musk lorikeets compared to both forest and heath across all seasons (p<0.05) but contained a lower density of little wattlebirds during summer and autumn compared with heath (p<0.05) (Fig. 4) . Heath was characterised by a significantly higher density of little wattlebirds compared to streets during all seasons (p<0.05), a significantly higher density of little wattlebirds compared to remnants during summer and autumn, and a significantly higher density of little wattlebirds compared to forest during summer, autumn and winter (p<0.05) (Fig. 4) . Association between nectarivore presence and nectar energy availability Heath was the only habitat with a significant and positive association between the total number of birds, pooled for all species, and the total amount of nectar energy, pooled for all plant species (F 1, 105 =37.45, p<0.01, R 2 =0.26) (Fig. 5) . There was no significant difference detected between the total number of birds, pooled for all species, and the total amount of nectar energy, pooled for all plant species, in streets (F 1, 105 =0.71, p>0.05, R 2 =0.001), remnants (F 1, 105 =2.88, p>0.01, R 2 =0.026) or forest (F 1, 105 =0.18, p>0.05, R 2 =0.001) (Fig. 5) .
Significant associations existed between individual species of birds and the total amount of nectar, pooled for all plant species. The strongest associations between total nectar, pooled for all plant species, and nectarivorous birds occurred in heath, with the red wattlebird (F 1, 105 =9.81, p<0.01, R 2 =0.084) and the little wattlebird (F 1, 105 =17.78, p<0.01, R 2 =0.14) positively associated with total nectar availability. The rainbow lorikeet had the strongest association in heath, increasing in abundance as the total available amount of nectar increased (F 1, 105 =24.57, p<0.01, R 2 =0.19). Within remnants, musk lorikeets were the only species of nectarivore with a significant positive, though weak, association with the total amount of nectar (F 1, 107 =5.49, p<0.05, R 2 =0.049). Within remnants, there were no significant associations between individual bird species and the total amount of nectar, pooled for all plant species.
Significant associations, though weak, also existed between individual species of nectarivore and the amount of available nectar provided by individual species of plants. Within streets, the abundance of rainbow lorikeets (F 1, 105 =8.98, p<0.01, R 2 =0.079) and 
Discussion
Energy availability within habitats
Vegetation within streetscapes produced, on average, two and a half times the energy available within remnants and one and a half times the energy available within forest over an 18 month period. This was due to both a higher number of Eucalyptus trees that flowered and the presence of non-endemic (Eucalyptus species native to Australia, but not from the Sydney region) and ornamental Callistemon and Grevillea spp. that were absent from remnants, forest and heath. Similar amounts of nectar energy were produced in streets as in heath, due to the high number of Banksia sp. in heath. In addition to planted native trees and pre-existing remnant trees within streetscapes, many non-endemic trees (e.g. Eucalyptus sideroxylon and Eucalyptus citriodora) were planted 40-50 years ago for their flowering aesthetics. As well as having conspicuous colouration and flower size, they may provide large amounts of nectar for prolonged periods, which are fed upon by musk lorikeets (Fitzsimons et al. 2003; Smith and Lill 2008) . We observed a similar effect in this study, with musk lorikeets associated, though weakly, with the nectar provided by Eucalyptus. Additionally, these non-endemic trees may flower at different times of the year compared to endemic trees (Eucalyptus species native to Australia and naturally occurring within the Sydney region) (Fitzsimons et al. 2003; Smith and Lill 2008) . This diversity in species and subsequent flowering periods means that there may be nectar available to nectarivores from flowering trees within streets when trees within remnants and forest are not in flower. Additionally, the diversity of non-native trees (e.g. Jacaranda spp.) and shrubs (e.g. Camellia sasanqua) provide additional nectar, resulting in a constant and relatively stable supply of nectar and consequently, energy (French et al. 2005 ).
Density of birds within habitats
Both streets and remnants were characterised by a higher density of rainbow lorikeets and musk lorikeets, compared to forest and heath. The lack of variation in the density between streets and remnants is most likely to be due to overlapping use of the two habitats, with rainbow lorikeets and musk lorikeets foraging in nearby streets, and roosting, loafing and nesting within remnants: rainbow lorikeets and musk lorikeets have been documented both roosting and loafing in tall trees up to several kilometres away from foraging sites (Higgins 1999) .
Rainbow lorikeets were the most common bird within remnants in Brisbane, Queensland , and in Argentina the New Caledonian rainbow lorikeet (Trichoglossus haematodus deplanchii) and vinaceous parrot (Amazona vinacea) are abundant in areas of human habitation and frequently utilise remnant vegetation (Cockle et al. 2007; Legault et al. 2012) . Remnants close to foraging sites may also be particularly important, given that they provide more tree hollows than streets and Australian parrots are obligate cavity nesters.
Association of nectarivores with available energy
Both the density of the musk lorikeet and the rainbow lorikeet were weakly associated with the amount of energy provided by flowering Eucalyptus within streets. The required energy intake of captive rainbow lorikeets has been estimated at between 99 and 260 kj per day (Cannon 1979; Wolf et al. 2007 ). Wild rainbow lorikeets presumably have higher energy requirements, with recorded flights of up to 100 km per day (Schodde and Tidemann 1986) . Eucalyptus provided between 0.037 and 0.095 kj per flower (see Table 1 ) which means that, given an average requirement of 180 kj per day, a rainbow lorikeet would need to visit between 1800 and 4800 flowers per day. Rainbow lorikeets have been estimated to visit, on average, 35 Eucalyptus flowers per minute (Cannon 1979) , which means they must spend between 50 min to 2.5 h foraging per day to satisfy energy requirements. Though no significant association was detected, rainbow lorikeets were also observed feeding upon both Callistemon and Grevillea, which may act as an alternate food source. Callistemon and Grevillea in streets provided approximately 12 times the amount of energy per inflorescence as Eucalyptus (see Table 1 ), and a rainbow lorikeet foraging on Callistemon and Grevillea inflorescences, would theoretically only be required to spend approximately 10 min foraging to ingest 180 kj of nectar. The diversity of Eucalyptus species within streetscapes provides both a large amount of nectar and an almost continuous supply of nectar which, along with additional ornamental shrubs, means that nectarivorous birds may not need to travel far to forage within the urban landscape compared to other habitats, instead foraging at a more local scale. This may explain the weak association for both musk and rainbow lorikeets with nectar energy. The little wattlebird was the only species that was more abundant in its natural habitat than in the urban landscape. The density of the red wattlebird and little wattlebird within heath appeared to be determined by nectar production, with increases in density positively associated with seasonal changes in energy. There was also a small but significant change in the density of the rainbow lorikeet within forest and heath, during spring and winter, which also appeared to change in association with nectar availability.
The large volume of available nectar within the planted suburban landscape may be responsible for the high density of some nectarivorous species within cities throughout the southern hemisphere, particularly the rainbow lorikeet within Australia, and several species of hummingbirds in South America (Baza Mendonça and dos Anjos 2005; Toledo and Moreira 2008). The consistent availability of nectar within the urban region, compared to forest or heath, appears to support larger populations than those outside the urban landscape (Anderies et al. 2007; Catterall et al. 1998; Shochat et al. 2004 ). An understanding of urban landscaping and the effects that modification to resource-providing vegetation may have upon urban wildlife is important to consider in future planning. The high amount of available nectar appears to support large-bodied nectarivores, however the comparatively lower amount of energy provided by remnants may mean less food resources for smaller-bodied nectarivores which are not able to penetrate as far into the urban landscape as the rainbow lorikeet or the red wattlebird. The comparatively lower amount of available nectar provided by remnants may have further implications for the use of vegetation corridors by species within the urban landscape. Knowledge of how certain species respond to different types and density of vegetation may help reduce undesirable changes in community structure, such as dominance by a few species.
